Animal agriculture is responsible for 8-10.8% of global greenhouse gas (GHG) emissions as assessed by IPCC accounting and, on the basis of lifecycle analysis, the contribution of livestock is up to 18% of global emissions. Asia is the source of the most enteric CH 4 emissions with Latin America, Africa, Western Europe and North America being significant sources. These emissions are dominated by emissions from cattle. When GHG emissions are related to food production, the four most efficient regions are Eastern and Western Europe, North America, and the non-EU former Soviet Union which produced 46.3% of ruminant meat and milk energy and only 25.5% of enteric CH 4 emissions in 2005. In comparison, the three least efficient producers (Asia, Africa, Latin America) produced an equivalent amount (47.1%) of ruminant meat and milk energy, and almost 69% of enteric CH 4 emissions in 2005. Livestock related emissions will increase as world population and food demand increases; enteric CH 4 emissions are projected to grow by over 30% from 2000 to 2020. There are mitigations available now, but it is imperative to develop new mitigations and ways to implement existing technologies more cost effectively.
Introduction
Animal agriculture produces greenhouse gases (GHG) in the form of CH 4 from enteric fermentation, N 2 O from use of nitrogenous fertilisers, and CH 4 and N 2 O from manure management and deposition of animal manures on pastures. Some CO 2 is also produced on animal farms from fossil fuel and energy usage. This paper reviews several recent estimates of agriculture's contribution to global GHG emissions, specifically contributions of animal agriculture. The regional distribution of these emissions is examined, as is their relationship to food production in various regions of the world. Likely trends in future emissions from animal agriculture are discussed and possibilities for mitigation at a global level are assessed. All figures in billion tonnes of CO2-equiv./yr.
Global emissions of greenhouse gases from agriculture
Several estimates of agriculture's contribution to global anthropogenic GHG emissions have been published, including estimates that specifically relate to animal agriculture. Denman et al. (2007) estimated non-CO 2 GHG emissions from agriculture to be 10% of total global GHG emissions, while EPA (2006) estimated them to be 12%. These estimates do not consider CO 2 emissions or removals due to agriculture which are counted in the Intergovernmental Panel on Climate Change (IPCC) GHG inventory sector land use, land use change and forestry. FAO (2006a) estimated that animal agriculture contributes 18% of global GHG emissions, while FAO (2010) estimated emissions from the global dairy sector to be 4% of the total.
It is worth considering these reports in more detail in order to help reconcile the estimates. The two Food and Agriculture Organisation (FAO) reports have a narrower focus than Denman et al. (2007) or EPA (2006) and, in particular, the 2010 report is only focused on the dairy sector. Yet FAO (2006a) has a much higher estimate for animal agriculture than the Denman et al. (2007) or EPA (2006) reports for the whole agriculture sector because the two FAO reports take a Life Cycle Analysis approach, and include emissions from production of inputs such as feed and fertiliser, transport, processing, and land use change including deforestation to bring land into production for animal agriculture as pastures or for production of animal feeds. In contrast, the other reports follow the sectoral approach of the IPCC which outlines five main sectors for GHG emissions reporting being: (i) energy, (ii) industry, (iii) waste, (iv) land use, land use change and forestry (LULUCF), and (v) agriculture. This difference in approach causes important differences between FAO (2006a) and the other estimates. Table 1 shows livestock related GHG emission estimates from FAO (2006a) , and how these emissions would be counted by IPCC. Of total livestock related emissions of 7.1 billion tonnes of CO 2 equivalent (CO 2 -equiv.), 4.26 billion tonnes, or 60%, would be counted in the agriculture sector by IPCC, with the remainder being CO 2 emissions from soils, deforestation, transport and processing, fertilizer production and on farm fossil fuel usage, with deforestation accounting for 85% of these emissions.
Livestock related emissions from FAO (2006a) that would be counted in the agriculture sector by IPCC equal 10.8% of global emissions. According to FAO (2006a) , livestock constitute nearly 80% of agricultural emissions. Using this figure to calculate livestock's contribution to other global agriculture emissions estimates gives values of 8 and 9.6% for Denman et al. (2007) and EPA (2006) respectively. Thus, when these three global estimates are put on an equivalent basis of the IPCC inventory system, estimates of livestock's contribution to total global GHG emissions range from 8 to 10.8%.
It is worth noting that FAO (2006a) used a figure of 40 billion tonnes for total global GHG emissions, and livestock related emissions were 18% of this value. However, the data source used for total emissions (CAIT, 2010) now estimates global emissions of 43.6 billion tonnes for 2005 (only the GHG CO 2 , N 2 O and CH 4 were considered, and international aviation and shipping emissions were included). Livestock emissions calculated in the FAO (2006a) report would be only 16% of this higher global total. Table 2 shows the regional distribution of the main ruminant farm animal species. Cattle are the most numerous and, given their larger body size relative to the other two most populous species of sheep and goats, they are by far the largest Other species, such as pigs and poultry, also contribute to manure related emissions. The extent of grazing, if any, will also have an impact on the degree of N 2 O emission from manure deposition on pasture. Table 3 shows estimates of regional emissions of CH 4 from enteric fermentation and manure management, and N 2 O from manure management and agricultural soils. These data are sourced from a US EPA study (EPA, 2006) of global non CO 2 GHG emissions. In that study, where available, global emissions to the year 2000 were based on actual data in national inventory reports, thereafter emissions were projected by country. Individual country data in that study were aggregated into a number of world regions in this paper. These data estimated total global emissions of enteric CH 4 to be 1929 million tonnes of CO 2 -equiv., or 91.9 million tonnes CH 4 in 2005, with a global warming potential (GWP) of 21 for CH 4 . This is slightly higher than the estimate in FAO (2006a) of 85.6 million tonnes CH 4 for 2004. Asia is the source of most enteric CH 4 emissions, with ∼33% of global emissions, and China and India being dominant (Table 3) . FAO (2006a) estimated India to have higher emissions than China, whereas EPA (2006) estimated the opposite. The FAO (2006a) report completed its own calculations, whereas the EPA (2006) report was to a large extent based on national inventory reports. Other world regions with large shares of global enteric CH 4 emissions are Latin America (23.9%), Africa (14.5%), Western Europe (8.3%) and North America (7.1%). The breakdown of global enteric CH 4 emissions by animal species is reported by FAO (2006a) , and in Fig. 1 . As expected, it is dominated by emissions from cattle.
Regional emissions of livestock related greenhouse gases
Global GHG emissions from manure management were 446 million tonnes of CO 2 -equiv. in 2005 (EPA, 2006) with 53% of this being CH 4 and 47% N 2 O (Table 3) . Asia, particularly China, Western Europe and North America are the regions with the highest GHG emissions from manure management. This global estimate of CH 4 emissions from this source is substantially lower than the estimate of FAO (2006a) of 368 million tonnes of CO 2 -equiv. using a GWP of 21. FAO (2006a) does not give a separate estimate of N 2 O emissions from manure management. The breakdown of CH 4 emissions from manure management Table 3 Regional emissions of major agricultural greenhouse gases (million tonnes of CO2-equiv./yr).
Enteric fermentation (CH4)
Manure ( by animal species according to FAO (2006a) is in Fig. 2 . In contrast to enteric CH 4 emissions, over half of total emissions from this source are from non-ruminants, with pigs by far the dominant species. Table 3 also shows emissions of N 2 O from agricultural soils, including emissions from spreading of stored manures, direct deposition of urine on pastures, and emissions from application of N fertilizer to agricultural soils. Not all of this latter category relates to livestock production, as much of the N fertilizer used in the world is for crop production. It is not possible from EPA (2006) numbers to distinguish among sources. According to FAO (2006a) , the regions with the highest emissions of N 2 O related to storage, spreading and direct deposition of animal excreta are Asia, Central and South America, Sub-Saharan Africa, Western Europe, North America, and Eastern Europe and the Commonwealth of Independent States (i.e., an interstate association of former republics of the Soviet Union).
Methane and N 2 O are direct GHG emissions from animal agriculture. As FAO (2006a) outlined, other emissions associated with livestock production include emissions associated with fertiliser manufacture, fossil fuel usage, transport and processing of agricultural products, but the main source of additional GHG emissions is deforestation. Overall, UNFCCC (2008) reported that emissions from deforestation are higher than total agricultural emissions. Not all deforestation relates to bringing land into agriculture to support livestock production, but FAO (2006a) estimated deforestation was responsible for 34% of global GHG emissions from the livestock sector, calculated using a lifecycle analysis approach. This includes cleared land sown to pasture for grazing, and croplands where the crops or their by-products are used for animal feeding.
Livestock related greenhouse gas emissions in relation to food production
The main livestock derived products are meat, milk and eggs. Global production of these commodities from the major livestock species are in Tables 4 and 5 . In addition, livestock provide goods and services such as hides and wool, draught power, fuel and social goods. These are not quantified here, but are a substantial contribution in some regions of the world.
In 2005, 245 million tonnes of meat was produced globally, of which 30.8% was ruminant meat, mainly beef. Ruminant meat production was highest in Asia, Latin America, North America and Western Europe. Pork is the meat produced in the highest quantity in the world, and is concentrated in China, Western Europe and North America. Chicken meat production is higher than global beef production, and is distributed across all regions of the world. World milk production is dominated by cow's milk, which makes up 84% of total milk production, and is concentrated in Western Europe, the Americas and the non European Union former Soviet Union. Egg production is distributed throughout the world, and is highest in Asia, particularly China, the Americas and Western Europe.
The quantities of animal products cannot be compared simply by weight, as the dry matter content varies, especially among milk, eggs and meat. Comparisons can be made on the basis of economic value or protein content, as recently used in FAO (2010), but, in this paper the gross energy content of the commodities was used as the standardized unit. Milk, meat and egg (GE) production were converted to GE values using values for whole milk, eggs and whole dressed carcasses from McCance et al. 1978 (Table 6) , and the resulting GE corrected output of meat, milk and eggs are in Tables 7 and 8 . The regional distribution of these follows the same trend as outlined above for the commodities.
Total GE from ruminant milk and meat production was compared with total GHG emissions from enteric fermentation in Fig. 3 . This is not a completely satisfactory index of ruminant emissions, as manure related emissions and emissions of N 2 O from soils are not included, nor are upstream or downstream emissions or emissions related to deforestation. Nevertheless, it provides a reasonable assessment of regional emissions from ruminants. Regions in which the estimate of milk and ruminant meat GE production is higher than enteric CH 4 emissions, both as a proportion of global totals, are more efficient at producing ruminant milk and meat (Table 8 ). The four most efficient regions are Eastern and Western Europe, North America and the non-European Union former Soviet Union. In 2005 these regions produced 46.3% of ruminant meat and milk GE, but only 25.5% of enteric CH 4 emissions. In comparison, the three least efficient producers (i.e., Asia including China and India, Africa, Latin America) produced an equivalent amount (47.1%) of ruminant meat and milk GE and almost three times (69%) as much enteric CH 4 emissions in 2005. In both India and Australia/New Zealand, the share of global GE from ruminant milk and meat production was similar to CH 4 emissions from enteric fermentation, at 11.4 and 11.1% respectively for India and 4.4 and 4.2% respectively for Australia/New Zealand. There are substantial inter-regional differences among individual countries which are not discussed here.
In Fig. 4 , total GE from meat and milk production is compared with total GHG emissions from enteric fermentation, manure management and agricultural soils. Trends are much the same as in Fig. 3 , although differences among regions narrow. The improvement in the position of China when total GE from milk and meat production is considered, Fig. 4 , compared to when only ruminant meat and milk is considered, Fig. 3 , is noteworthy. This is due to the very large production of swine in China, which increased total food GE production substantially, but did not contribute a substantive amount of GHG to the categories considered in Fig. 4 . It should be noted that emissions considered in Figs. 3 and 4 do not include emissions associated with land use change, which are relevant for grain fed meat and milk production.
Future trends in livestock related emissions
Under a 'business as usual' scenario, GHG emissions from livestock and agriculture in general are expected to grow as food productions expands to keep pace with a growing world population which is expected to reach 8.3 billion by 2030 and 9.1 billion by 2050 (UN, 2008) , with most projected to occur in Asia and Africa. Greenhouse gas emission projections are uncertain in amount, and will depend to some extent on the composition of the diet of the future population. In particular, meat consumption is dependent on living standards, particularly in Asian countries where the population is expanding rapidly and living standards are rising. FAO (2006b) projections for growth in production of bovine and ovine meat, and milk, to 2050 using production growth projections from FAO (2006b), which are for increases of 72%, 110% and 82% in bovine meat, ovine meat and milk production, respectively, by 2050 compared with 2000. The increase in ovine meat is large, but is from a small base (Table 4) , and is projected to be higher in developing countries. In the absence of mitigation, these increases in milk and meat production will lead to large increases in related GHG emissions.
In the absence of mitigation, agricultural emissions are projected to rise from 5.6 (in 2005) to 8.2 billion tonnes of CO 2 -equiv. in 2030 by the IPCC Fourth Assessment Report (Smith et al., 2007) , which was based on emissions in 2020 forecasted by EPA (2006) Emissions of GHG may not rise on a pro rata basis in line with projected increases in food production as outlined above. It is anticipated that most of the increased food production will be met from farms with higher intensity of production than current farms (FAO, 2003) , which will reduce emissions/kg product (Lovett et al., 2006; FAO, 2010) . However, the emissions associated with deforestation to bring land into production for pastures, production of animal feeds or, where livestock are fed by-products from crop production, could greatly increase GHG emissions associated with livestock production from these regions (FAO, 2006a) . It has been estimated that deforestation accounted for over 30% of total GHG emissions associated with livestock production in 2005 (FAO, 2006a).
Mitigation possibility on a global scale
The mitigation potential for agricultural GHG emissions to 2030 was comprehensively assessed in the IPCC Fourth Assessment Report (Smith et al., 2007) , which showed a substantial technical mitigation potential for agricultural emissions of 5500 to 6000 million tonnes CO 2 -equiv./yr by 2030 compared to total projected emissions in 2030 of 8200 million tonnes CO 2 -equiv./yr. Most of this is related to soil C sequestration, which was estimated to contribute 89% of the technical mitigation potential. The technical mitigation potential for CH 4 , as enteric fermentation, manure management and rice management, was only 9% of the total, or ∼500 million tonnes CO 2 -equiv./yr. Less than half of this was related to enteric fermentation.
The mitigation potential for enteric CH 4 emissions was considered under three broad headings by Smith et al. (2007) being: improved feeding practices (including replacing forages with concentrates, improving forages/inclusion of legumes and feeding more fat in the diet), use of specific agents and diet additives including bovine somatotrophin, growth stimulating hormones, ionophores and propionate precursors (albeit with very limited adoption or applicability in many regions of the world), as well as long term structural and management changes and improved animal breeding. The highest proportional reductions of enteric CH 4 were from improved feeding, particularly with dairy cows, where the technical mitigation potential was 22% from improved feeding practices in Oceania. Regions with the highest mitigation potential were developed regions of Europe, North America, Japan and Oceania. However, many of the technical mitigations have cost implications for producers, making the actual potential lower than the technical potential, and will depend on the price that would be paid/tonne of CO 2 -equiv. mitigated. At a price of US$20/tonne of CO 2 -equiv., the mitigation potential for enteric CH 4 was reduced to <150 million tonnes CO 2 -equiv./yr. Manure management mitigation potential was very low and, while there was substantial technical potential to reduce emissions due to improved grazing land management (∼800 million tonnes CO 2 -equiv./yr), this is mostly related to increased soil C, and has substantial costs. At a price of US$20/tonne CO 2 -equiv., the mitigation potential for improved grazing land management was reduced to <200 million tonnes CO 2 -equiv./yr.
Thus there is substantial technical mitigation potential for livestock related GHG emissions. However costs of implementing the measures will substantially reduce this potential, at least with currently available technologies, which highlights the need to develop new technologies and ways to cost effectively implement existing technologies.
Conclusions
Livestock production is a source of GHG, which will increase over the next 40 yr as a consequence of increased food production unless there is major progress in mitigation technologies. There is substantial regional variation in the efficiency of food production from a GHG perspective, but it must also be accepted that livestock contribute important non-food goods and services in many less developed regions of the world. There are GHG mitigation possibilities with currently available technologies, but they are limited and there are cost implications that limit implementation. This highlights the need to develop new technologies and ways to cost effectively implement existing technologies.
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